ABSTRACT -(iR -spectroscopic characterization of biominerals in marattiaceaeus ferns). Frond samples of the eusporangiate ferns Marattiaceae genera Angiopteris, Christensenia, Danaea and Marattia were investigated by infrared spectroscopy, under different experimental conditions. The results confirmed the previously reported accumulation of biogenic silica (SiO 2 ) in tissues of these ferns and also showed, for the first time, the presence of calcium oxalate in this group of plants, probably as weddellite. the ability to biomineralize sio 2 , to produce and accumulate biogenic silica, is suggested now to be a general family trait of the Marattiaceae.
Introduction
the presence and wide distribution of biogenic silica (sio 2 , opal) in the plant kingdom is well known (Blackman 1971 , Bertoldi de Pomar 1975 , arnott 1982 , Perry 1989 , Monje & Baran 2004 . silica bodies are found in cells of leaves and other parts of the plant body in several groups of vascular plants, such as Equisetaceae and Hymenophyllaceae, among the Pteridophyta, or as in genera and species of many angiospermous families, such as aristolochiaceae, loranthaceae, Podostemaceae, Cannaceae, Commelinaceae, and Poaceae (Haberlandt 1965) , the latter being the most studied group due to the diversity of morphological cell types involved in the accumulation of silica.
Ferns are a group with scarce studies related to silica bodies. Recently, one of us has performed systematic analyses of the sio 2 accumulation in eusporangiate ferns belonging to the Marattiaceae Bercht. & J. s. Presl (Rolleri 1993 , 2002 , Rolleri et al. 1987 , 1991 . these studies were carried out through microchemical analysis using the phenol test (Johansen 1940) , and also using polarized light microscopy to calculate mineralogical constants. they demonstrated that three of the five marattiaceous genera, Angiopteris Hoffm., Archangiopteris H. Christ & Giensenh. and Marattia sw. always have opal idioblasts in the epidermis of lamina of pinnae, pinnulae or segments, and also in cells of the inner parenchymatose tissues. the other two genera, Christensenia Maxon and Danaea sm., lack of specialized epidermal cells with opal inclusions .
Most species belonging to the five genera were also investigated by means of scanning electron microscopy and EDaX microanalysis (Rolleri et al. 2004) . These studies clearly confirmed the presence of opal deposits, distributed in a variety of ways in all studied specimens. Conclusions made was that opal is accumulated preferentially in the epidermal cells of the fronds, but can also be found, as smaller inclusions, within parenchymatose cells near vascular bundles of axes and laminae. Besides, although opal is absent in the epidermal cells of Christensenia and Danaea, all species of both genera bear small amounts of amorphous silica inclusions within the parenchymatose tissues of axes and fronds.
the previous studies point to the fact that, no matter where is the silica finally accumulated, all the marattiaceous genera may produce it, either abundant and easily detected, as reported for Angiopteris, Archangiopteris and Christensenia, or as small isolated silica bodies, more or less dispersed in the internal tissues of the plant body. thus, the aim of the present work was to advance into a wider physicochemical characterization of these bioinorganic deposits by performing an infrared spectroscopic study of several species of the genera of the marattiaceous ferns, in order to attain more accurate information on the silica bodies present in genera with and without epidermal idioblasts.
Material and methods
Plant material -the following species were selected for analysis: Angiopteris evecta (Forst.) Hoffm., A. pruinosa Kunze, Christensenia aesculifolia (Bl.) Maxon subsp. aesculifolia, C. aesculifolia (Bl.) Maxon subsp. P. korthalsii (de Vriese) Rolleri, Danaea nodosa (l.) sm., D. moritziana C. Presl, Marattia laevis sm., M. sylvatica (Bl.), and M. weinmanifolia liebm. they came from herborized specimens obtained from not poisoned material of the u.s. national Herbarium. samples were taken from plants collected in different locations of the geographical area of each species. a detailed citation list of specimens under study can be found in Rolleri et al. (2004) . treatment of plant material -the plant samples were treated as follows before their spectra were recorded: a) dry material was pulverized in a vibrating mill during different periods of time, up to 15 hours, using agate sample holders and balls; b) the manually dispersed, dry material, was heated in a muffle furnace in air, at different temperatures, up to 400 °C, as described by lanning et al. (1958) ; c) the dry material was treated with concentrated nitric acid and carefully heated over a water bath in air, as described by Kamatani (1971) . infrared spectra -the spectra were recorded on a FtiRBruker iF66 spectrophotometer in the range between 4000 and 400 cm -1 , using the KBr pellet technique (ca. 4 mg of the powdered sample dispersed in 100 mg of KBr) (Drago 1965 , Baran 2005 . the experiments performed with each sample of all the investigated fern taxa showed a similar behavior. since all iR spectra resulted comparable, and only minor differences in relative band intensities were observed, only those obtained with the A. pruinosa sample were illustrated in detail.
terminology -the chemical and spectroscopic terminology was taken from Baran (1995 Baran ( , 2005 and Monje & Baran (2004) , terms on ferns come from Rolleri et al. (1991 Rolleri et al. ( , 2004 and lellinger (2002) .
Results
the iR spectrum of a sample milled during 15 hours, is shown in figure 1A for the most interesting spectral range between 2000 and 450 cm -1 . the intense band located at 1641 cm -1 is characteristic of calcium oxalate (corresponding to the antisymmetric oxalate stretching mode (Monje & Baran 1996 , 1997 ). the corresponding symmetric stretching is probably the weak band found at 1340 cm -1 partially overlapped by the unidentified medium intensity band centered at 1427 cm -1 . the other strong band, centered at 1072 cm -1 is one of the characteristic biogenic silica bands (Kamatani 1971 , Perry 1989 . the remaining broad feature located between 850 and 450 cm -1 includes both unresolved oxalate and silica bands. in the higher frequency side of the spectrum (not shown) a very broad and undefined band, centered at about 3380 cm -1 is observed. this band is related to o-H stretching modes of water and of si-oH groups.
Crystalline Baran & Monje 2008 ). unfortunately, it was not possible to arrive to an unambiguous identification of the chemical nature of the calcium oxalate found in these plants on the basis of the only relatively well defined oxalate IR band (located at 1641 cm -1 in the A. pruinosa sample and between 1641 and 1658 cm -1 in the spectra of the other species) one could tentatively suggest the presence of weddellite (pure weddelite band is found at 1645 cm -1 whereas in whewellite it is found at 1622 cm -1 (Monje & Baran, 1996 , 1997 ). Furthermore, the low frequency spectral range which usually allows a clear differentiation between the two calcium oxalate forms (Monje & Baran 2002) , appears partially overlapped by one of the typical sio 2 bands and is highly undefined. a clearly different iR spectrum was obtained when one of the milled samples, or a dry sample of the plant material, was slowly heated in a muffle furnace up to 400 °C and then maintained for 2 hours at this temperature ( figure 1B ). This spectrum shows the presence of calcite (bands at 1450 (antisymmetric stretching, v 3 ), 876 (out of plane deformation, v 2 ), 714 (in plane deformation, v 4 ) and 326 (lattice mode) cm -1 (Ross 1972) ) and biogenic silica (bands at 1100, 796 and 476 cm -1 (Kamatani 1971 , Perry 1989 ).
this thermally generated product was treated with diluted HCl, then washed several times with distilled water and dried at 100 °C. the recorded iR spectrum of this new sample, shown in figure 1C , is different from that found in figure 1B and only the three characteristic absorptions of biogenic silica, together with a weak unidentified feature at 941 cm -1 , remain in the spectrum. this spectrum is identical to those measured in other biogenic silica samples (Kamatani 1971) .
it is noteworthy the fact that after heating the milled sample at 200 °C during short periods of time the spectra show oxalate, carbonate, and silica bands. Besides, the treatment of the plant material with nitric acid generates a solid which iR spectrum presents only the characteristic opal bands. it become evident that organic matter, together with the oxalate deposits, are both destroyed during the treatment with a strong oxidizing acid, and only sio 2 , a species which is stable in acidic media, is fully recovered.
Discussion
The performed spectroscopic study confirms, in an independent way, the previously established existence of opal deposits in marattiaceous ferns. these measurements also show, for the first time, the presence of calcium oxalate in ferns. the presence of this biomineral is additionally supported by the chemical behavior of the investigated material. the heating of a calcium oxalate/ opal mixture generates calcite, whereas opal remains unchanged, as was spectroscopically observed, and may be due to the following reaction: and, after the washing, only sio 2 is recovered, as was also spectroscopically confirmed.
the heating of the plant material at lower temperatures and for short periods of time generates a mixture which contains part of the original biominerals together with CaCo 3 , which is produced by the partial decomposition of the oxalate. although it was not possible to identify unambiguously the chemical nature of the calcium oxalate accumulated by these ferns, weak evidence derived from the position of the antisymmetric oxalate stretching vibration points out to the presence of weddellite, (CaC 2 o 4 .2H 2 o) . the ability to biomineralize sio 2 and to produce opal was considered a diagnostic trait only at the generic level in the Marattiaceae (Rolleri et al. , 2004 , but after the results of the present study we suggest to consider it a family character, shared by all five genera. While the distribution of epidermal idioblasts in Angiopteris, Archangiopteris and Marattia varies from solitaire, groups from 2 to 6 idioblasts, or extensive groups of these cells containing opal (idioblast areas, Rolleri et al. 2003) , the cells of soft tissues near costae and secondary veins of pinnae of species belonging to all genera bear isolated, generally small, silica bodies. these bodies were previously observed through longitudinal and transversal sections of axes and pinnae, and also after clearing the foliar tissues of laminae. The now performed IR spectroscopic study confirms that these bodies are also sio 2 inclusions. the internal amorphous crystals are smaller than those accumulated in the epidermis, and more difficult to be observed than the epidermal silica, mostly composed of inclusions as large as the idioblasts themselves. since all genera also have opal in scattered cells of inner parenchymatous tissues, specially in those situated close to the vascular bundles, the results obtained by IR spectroscopy confirm one of the outstanding characters of the family.
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